According to the "fetal origins hypothesis," monozygotic (MZ) twins may be more prone to develop various metabolic abnormalities compared with dizygotic (DZ) twins, and twins all together may be more predisposed to metabolic defects compared with singletons. To determine the impact of twin and zygosity status as well as birth size on in vivo measures of glucose metabolism, we examined 123 young (aged 22-31 years) and 103 elderly (aged 57-66 years) MZ and DZ twins and age-matched singleton control subjects. All participants were born at term with available birth records. Peripheral and hepatic insulin action and intracellular glucose partitioning was determined by a euglycemic-hyperinsulinemic clamp using tritiated glucose combined with indirect calorimetry. In elderly subjects, zygosity status influenced nonoxidative glucose metabolism, while twin status per se was associated with elevated hepatic glucose production during both steady-state periods. Birth weight was associated with nonoxidative glucose metabolism in a nongenetic manner within twins and with a high glucose and low lipid oxidation in singletons. In younger subjects, twin status influenced glucose and lipid oxidation rates. We demonstrate a complex age-or timedependent relationship between independent markers of fetal environment and glucose homeostasis in twins. The documented differential programming effects associated with either low birth weight and twin or zygosity status all represent known defects of glucose homeostasis in type 2 diabetes. Diabetes 55:1819 -1825, 2006 F etal growth restriction is more likely to occur in twins compared with singletons because of their shared uterine environment. Monozygotic (MZ) twins are often monochorionic and share the same placenta and nutritive source and may consequently have a different and potentially more adverse intrauterine environment compared with dizygotic (DZ) and dichorionic MZ twins having separate placentas (1). According to the "fetal origins hypothesis," MZ twins may therefore be more prone to develop various metabolic abnormalities compared with DZ twins, and twins all together may be more predisposed to metabolic impairments compared with singletons.
F
etal growth restriction is more likely to occur in twins compared with singletons because of their shared uterine environment. Monozygotic (MZ) twins are often monochorionic and share the same placenta and nutritive source and may consequently have a different and potentially more adverse intrauterine environment compared with dizygotic (DZ) and dichorionic MZ twins having separate placentas (1) . According to the "fetal origins hypothesis," MZ twins may therefore be more prone to develop various metabolic abnormalities compared with DZ twins, and twins all together may be more predisposed to metabolic impairments compared with singletons.
It has been questioned whether the factors regulating intrauterine growth in twin and singleton pregnancies are similar (2) . Likewise, it is unknown whether the putative effect of intrauterine growth restriction on the development of adult diseases differs between twins and singletons (3) . A Danish twin study (4) demonstrated similar longevity/death rates in a selected group of MZ and DZ twin pairs both surviving the age of 6 years compared with singletons. Other studies (5-7), however, have shown differences in prevalence of cancer among MZ and DZ twins versus singletons. We recently demonstrated reduced insulin sensitivity in elderly MZ compared with DZ twins (8, 9) . Conversely, young MZ twins were slightly more insulin sensitive than young DZ twins (9) , indicating an age-or time-dependent effect of the fetal environment on glucose homeostasis in twins.
The association between birth weight and metabolic abnormalities including type 2 diabetes (10 -11) could theoretically be explained by a common genotype leading to reduced fetal growth and reduced insulin secretion and/or action (12) . Twin studies allow for control of the influence of genetic factors. MZ twins are genetically identical, and when performing correlations between within-twin pair differences in birth weight and other phenotypic variables, any associations found are of nongenetic origin. Furthermore, this type of analysis allows for control of common environmental and maternal factors with a putative influence on the outcome in both MZ and DZ twins, which ensure a higher sensitivity and power to detect associations between the intrauterine environment and adult phenotype.
Today, type 2 diabetes is recognized as an age-dependent, multiple-organ disease involving muscle (peripheral insulin resistance of oxidative and in particular nonoxidative metabolism), liver (increased hepatic glucose production), adipose tissue (increased lipolysis and abnormal release of several hormonal substances influencing glucose homeostasis including adiponectin), ␤-cell (abnormal insulin secretion), and possibly other organs and tissues such as the kidneys (increased glucose production), gut (abnormal release of gut incretin hormones, e.g., glucogon-like peptide-1), and brain (abnormal sensing of glucose, free fatty acids, and other nutrients) (13, 14) . In the present study, we investigated the impact of zygosity and twin status and birth weight on some of the most important defects of glucose metabolism in type 2 diabetes including in vivo peripheral and hepatic insulin action as well as intracellular glucose partitioning based upon gold standard methods in young and elderly twins and agematched singleton control subjects. Based on the strong age dependency of type 2 diabetes, results from previous animal studies (15) , and our own data in twins (9), we hypothesized that advanced age might unmask metabolic defects linking impaired growth in utero with an increased risk of developing type 2 diabetes.
RESEARCH DESIGN AND METHODS
Twin subjects were identified through the Danish Twin Register as previously described (9) . A random sample of same-sex MZ and DZ twin pairs aged 57-66 and 22-31 years were included in the study. All subjects were healthy without known diabetes and born full term (Ն37 weeks) with available birth records. The age-matched singleton control subjects were identified among spouses to the participating twins. Zygosity was determined by polymorphic genetic markers (16) .
A total of 98 twin pairs were enrolled in the clinical examination. Upon a standard oral glucose tolerance test, 4.8% of the elderly MZ and 2.3% of the elderly DZ twins had previously unknown type 2 diabetes according to the current World Health Organization criteria. None of the younger twins had type 2 diabetes, and in the singletons only one young subject was diagnosed with type 2 diabetes. Importantly, there was no significant difference in glucose tolerance status between MZ and DZ twins and singletons within each age-group. All twin and control subjects were included in the study regardless of glucose tolerance status. Results according to zygosity differences and heritability estimates of insulin secretion and action (9, 17) , as well as heritability estimates of muscle gene expressions (18) and glycogen synthase activation (19) in subsets of this twin population, were previously published. The twin-singleton comparisons as well as analyses of the impact of zygosity status and birth weights on indirect calorimetry-derived glucose and fat turnover rates, including oxidative and nonoxidative glucose metabolism, have of course not been previously published. The study was approved by the regional ethical committees, and the study was conducted according to the principles of the Helsinki Declaration. Clinical examination. The subjects were instructed to abstain from strenuous physical activity for 24 h and to perform a 10-to 12-h overnight fast before both examination days. Anthropometric measures (i.e., BMI and waist-to-hip ratio) were performed as previously described (9) . Body composition was measured by a dual-energy X-ray absorptiometry scanner (Hologic). The subjects underwent a 2-h hyperinsulinemic-euglycemic clamp. A primed constant continuous infusion of [3- 3 H]-tritiated glucose (bolus 22 Ci, 0.22 Ci/min) was initiated at 0 min and continued throughout the clinical investigation (basal period (120 min) and clamp period (120 min). During the clamp period, a continuous insulin infusion (40 mU/m 2 per min) was initiated and continued for 120 min. A variable infusion of glucose (180g/l) enriched with tritiated glucose (HOT-GINF) (100 Ci/500 ml) maintained euglycemia during insulin infusion. Steady state was defined as the last 30 min of the basal and clamp periods when tracer equilibrium (i.e., constant specific activity) was anticipated. Indirect calorimetry was performed during the basal and clamp steady-state periods in order to calculate rates of glucose oxidation and lipid oxidation. The methods are previously described in detail (17) . Analytical methods. Plasma glucose and plasma insulin concentrations were analyzed as previously described (9) .
Basal and insulin-stimulated glucose turnover rates. Glucose disposal rates and hepatic glucose production rates were calculated at 10-min intervals during the steady-state periods using Steele's non-steady state equations (20) . In these calculations, distribution volume of glucose was 200 ml/kg body wt and the pool fraction was 0.65. Hepatic glucose production was calculated by subtracting the rate of glucose infusion from the rate of appearance of glucose assessed by tritiated glucose measurements. Nonoxidative glucose metabolism was calculated as glucose disposal minus glucose oxidation as determined by indirect calorimetry. Glucose turnover rates are expressed as milligrams per kilogram lean body mass per min and presented as mean values of the 30-min steady-state periods. Statistical methods. The variables were near-normal distributed, and for comparisons between MZ and DZ twins and singletons within each age-group an ANOVA was performed using PROC MIXED of the SAS/STAT system (Version 9.1; SAS Institute). MZ twins share their entire genome, while DZ twins on average share half of their segregating genes. Therefore, observations in neither MZ nor DZ twins pairs can be regarded as independent observations. Accordingly, we adjusted for the intra-twin pair relationship in the analyses. Data are presented as means Ϯ SD. Phenotypic correlations and correlations of within-pair differences were performed using Pearsons correlation.
RESULTS

Clinical characteristics.
In both age-groups, MZ and DZ twins and singletons had similar age and adult anthropometry (Tables 1 and 2 ). Measures of birth weight and ponderal indexes (PIs) were similar in MZ and DZ twins, whereas singletons had significantly higher birth weights and PIs compared with both MZ and DZ twins. Metabolites during the euglycemic-hyperinsulinemic clamp. Plasma glucose, insulin, and C-peptide (data not shown) were similar in young and elderly subjects during the basal and insulin-stimulated steady-state periods ( Fig.  1A and B and Fig. 2A and B) .
Constant specific activity of glucose tracer was reached in young and elderly subjects during both steady-state periods. The level of specific activity was slightly, though significantly, different within the younger subjects during the basal period (singletons vs. twins, P ϭ 0.048) and within the elderly subjects during the insulin-stimulated state (DZ vs. MZ and singletons, P ϭ 0.046) ( Fig. 3A and B) . Basal and insulin-stimulated glucose turnover rates. In the younger subjects, MZ and DZ twins had similar glucose and lipid oxidation rates, whereas twins all together had a higher basal (P ϭ 0.027) and insulin-stimulated glucose oxidation (P ϭ 0.009) compared with singletons (Table 3) . Furthermore, twins had a nearly significantly lower lipid oxidation compared with singletons (P ϭ 0.053). The remaining metabolic variables, including rates of glucose disposal, hepatic glucose production, and nonoxidative glucose production, were similar among younger MZ and DZ twins as well as singletons (Table 3) .
In addition to the previously reported lower insulin- stimulated glucose disposal and nonoxidative glucose metabolism in elderly MZ twins compared with DZ twins (17) , elderly MZ twins also had a significantly lower insulin-stimulated glucose disposal and nonoxidative glucose metabolism compared with singletons (Table 4 ). In contrast, basal glucose disposal and both basal and insulin-stimulated rates of hepatic glucose production were significantly higher in both MZ and DZ twins compared with singletons. Nonoxidative glucose metabolism during the basal state as well as glucose and lipid oxidation during both steady-state periods were similar among elderly twins and singletons. Intratwin pair correlations. When correlating withinpair differences and thereby correcting for a genetic impact among elderly MZ twins, significant positive correlations were seen between birth weight and insulin-stimulated glucose disposal (r ϭ 0.47, P ϭ 0.002) and nonoxidative glucose metabolism (r ϭ 0.46, P ϭ 0.002), respectively, indicating a nongenetic association. No significant associations were observed between birth weight and metabolic variables in the younger twins. Apart from a significant negative correlation between the PI and basal hepatic glucose production (r ϭ Ϫ0.26, P ϭ 0.04) in young MZ twins, no significant within pair correlations were seen between the PI and metabolic rates. Phenotypic correlations in singletons. Among the elderly singletons, there was a positive correlation between birth weight and basal glucose oxidation (r ϭ 0.53, P ϭ 0.04) and negative correlations between birth weight and lipid oxidation during the basal (r ϭ Ϫ0.72, P ϭ 0.002) and clamp (r ϭ Ϫ0.59, P ϭ 0.02) periods. Among the young control subjects, no significant correlations were seen between birth weight and measures of glucose and lipid metabolism. In contrast, the PI was significantly negatively correlated to basal hepatic glucose production (r ϭ Ϫ0.69, P ϭ 0.02) during insulin stimulation in the young twins.
DISCUSSION
Fetal environment as reflected by birth weight, PI, and twin and zygosity status has profound influences on glucose and lipid metabolism. The effects seem to be age-or time-dependent and most interestingly seem to have different metabolic targets. 1) Zygosity status has an impact on nonoxidative glucose metabolism, with elderly MZ twins having a significantly lower nonoxidative glucose metabolism compared with DZ twins (17) . 2) Twin status has an influence on glucose and lipid oxidation in the young group, with twins having higher glucose and lower lipid oxidation rates compared with singletons. In addition, twin status has an influence on basal and insulinstimulated hepatic glucose production, with elderly MZ and DZ twins having a higher basal hepatic glucose production and a reduced insulin-stimulated suppression of hepatic glucose production compared with singletons.
3) Birth weight has a nongenetic influence on nonoxidative glucose metabolism among elderly twins, and low birth weight is associated with low glucose oxidation and high lipid oxidation rates in elderly singletons. 4) Finally, the PI is associated with basal hepatic glucose production in young twins in a nongenetic manner, and the PI is furthermore correlated with hepatic glucose production in the basal state among young singletons. We have previously found an influence of zygosity on insulin-stimulated glucose uptake, with elderly MZ twins being more insulin resistant compared with DZ twins (9, 17) . The present study takes a step further in documenting significantly lower glucose storage exclusively in elderly MZ twins. Interestingly, elderly DZ twins and singletons have similar glucose storage rates. Thus, zygosity status, but not twin status per se, influences the pathway of nonoxidative glucose metabolism. Interestingly, the metabolic differences in elderly MZ compared with DZ twins (and singletons) were independent of birth weight and adult anthropometry. There were no significant phenotypic correlations between absolute birth weight determinations and metabolic parameters in twins. However, when performing correlations of within-pair differences in the twins allowing correction for common environmental and maternal factors, in particular among MZ twins for the influence of genotype, we detected a (22) demonstrated reduced insulin-stimulated whole-body and nonoxidative glucose disposal among young men with low birth weight (LBW) compared with control subjects (22, 24) , whereas a study (23) from our group found normal whole-body and nonoxidative glucose disposal rates but reduced muscle glucose uptake in young men with LBW (25) . Consistent with these findings, we demonstrated no influence of twin or zygosity status on whole-body glucose uptake or nonoxidative glucose metabolism among the younger subjects, indicating that increasing age (or time) may be an important factor unmasking the effect of fetal environment on glucose metabolism. The underlying molecular mechanisms are unknown, but recent studies have demonstrated reduced GLUT4 (24) and insulin signaling proteins and/or gene expression in skeletal muscle from rats (26) and humans (27) experiencing an adverse fetal environment. Furthermore, impaired mitochondrial function and oxidative phosphorylation in skeletal muscle has been shown in rats experiencing growth retardation in utero (28) . In humans, the postprandial activity of glycogen synthase in skeletal muscle, which is the rate-limiting step in muscle glycogen synthesis, was not related to intrauterine growth as evidenced by birth weight (29) . We found a clear positive association between birth weight and glucose oxidation in elderly singletons, whereas glucose oxidation was similar in elderly singletons and twins. In the young age-group, we found a significantly higher insulin-stimulated glucose oxidation, together with a near-significantly lower lipid oxidation, in twins compared with singletons. These latter findings (i.e., a switch in the glucose-to-lipid oxidation ratio in subjects exposed to an adverse intrauterine environment) are to some extent in line with the idea of a defective mitochondrial function and lipid oxidation as potential underlying pathophysiological mechanisms in insulin resistance (30) . The previous finding of a reduced glycolytic flux rate (23) and glucose oxidation (24) in young men with LBW may seem somewhat contradictory to our present results but could be explained by differences in twin versus singleton fetal programming, number of subjects, and in particular the age of the study subjects.
Elderly MZ and DZ twins had a significantly higher hepatic glucose production during the basal period compared with singletons. Additionally, the suppression of hepatic glucose production during insulin stimulation was reduced in twins compared with singletons. Despite a similar basal glucose turnover in young twins and singletons, we demonstrated a negative association between basal glucose turnover and PI in both young twins and singletons. Vuguin et al. (31) reported an elevated basal hepatic glucose production in normoglycemic intrauterine growth-retarded rats compared with control rats, indicating that uteroplacental insufficiency causes a primary defect in hepatic metabolism before the onset of overt hyperglycemia. Another study in animals demonstrated that an adverse intrauterine environment induced by dexamethasone resulted in overexpression of hepatic PEPCK and increased gluconeogenesis (32) . Furthermore, maternal hypoxia (33) and protein deprivation (34) during pregnancy resulted in overexpression of PEPCK and downregulation of glucokinase, with the net effect of inappropriately elevated hepatic glucose production. In contrast to the present results, our study among young men with LBW demonstrated an enhanced suppression of endogenous glucose production during insulin stimulation compared with control subjects (23), which was proposed to represent a compensatory abnormality of metabolism in LBW subjects, supporting the idea of a role for age in unmasking some of the adverse effects of intrauterine programming on glucose homeostasis.
All metabolic differences in young and elderly twins, as well as in singletons, studied and reported in this article represent key metabolic defects in type 2 diabetes (i.e., hepatic glucose production and skeletal muscle insulin resistance). Many metabolic parameters have been tested, but, importantly, all parameters are derived from our specific a priori hypothesis of differences in metabolic pathways associated with insulin resistance and glucose intolerance in young and elderly twins and singletons. In particular, we hypothesized that advanced age might un- mask some of the metabolic defects associated with impaired growth in utero. Consequently, we did not expect similar associations between intrauterine growth and adult glucose or fat metabolism in younger versus elderly twins. It has been speculated whether twins are comparable with singletons regarding fetal growth (2, 3) and in particular whether growth restriction has the same significance to adult glucose metabolism in twins and singletons. Twins have similar growth velocities compared with singletons until the 28th to 30th week of gestation (2), after which there is a divergence of twin growth to singleton growth that progressively widens toward the end of pregnancy. Importantly, the differences in birth weight and PI between twins and singletons in the present study (ϳ800 -900 g) are not due to prematurity because all examined subjects (as defined a priori in the protocol) were born within 3 weeks of term. Likewise, prematurity cannot account for the metabolic differences between MZ and DZ twins and singletons in this study (35) .
The twins in the present study were not only smaller at birth according to birth weight, but they were also disproportionate in size (i.e., lower PI) compared with singletons. Interestingly, different expressions of the fetal environment were associated with different defects in distinct pathways of glucose and fat metabolism in young and elderly subjects. In the elderly subjects, birth weight was associated with nonoxidative glucose metabolism within twins and glucose and lipid oxidation within singletons. No associations were seen between the PI and measures of glucose and fat metabolism in elderly twins. In contrast, in the young subjects, the PI was associated with hepatic glucose production in both twins and singletons, whereas birth weight was not correlated to any metabolic pathways. Furthermore, the measures of metabolism associated with twin status (i.e., glucose oxidation together with basal glucose turnover and hepatic glucose production) were correlated to the PI indicating that the influence of twin status per se may be mediated by or related to the lower PI (i.e., disproportionate fetal growth) among twins compared with singletons. In contrast, many of the metabolic parameters associated with zygosity status (i.e., glucose disposal and storage) were also correlated to birth weight, suggesting that birth weight and zygosity status partly independent of each other (i.e., same birth weight in MZ and DZ twins) may influence adult metabolism through similar or parallel programming mechanisms.
Interestingly, despite similar birth weights, the elderly subjects were ϳ10 cm shorter than the younger subjects (Tables 1 and 2 ). Adult height has previously been demonstrated to be influenced by the fetal environment (36) , and this difference is likely to be explained by the wellknown improved prenatal and perhaps especially early postnatal nutritional and other life conditions in Western countries during the period from before 1940 and until now. Indeed, this period in the last century may be one of the periods in the history of mankind when the most significant and condensed qualitative and quantitative improvements of both early and adult life conditions have taken place for entire populations in the Western world. With that in mind, it could be speculated that the different metabolic abnormalities demonstrated in twins compared with singletons in the elderly and younger subjects, respectively, and perhaps those associated with low birth weight and PI in the elderly but not in younger singletons and vice versa, may have been unmasked or precipitated by the generally different life and nutritional conditions at the time when they were born. In other words, the presumed age effects could as well be due to a cohort effect mediated by the different prenatal and early postnatal circumstances in the two age-groups.
The classical twin model is based upon the key assumption that both prenatal and postnatal environmental covariance is the same for MZ and DZ twin pairs and that twins in general resemble singletons according to the phenotype in question. Accordingly, the documented metabolic differences between twins and singletons, as well as the differences between MZ and DZ twins, do indeed challenge these major assumptions, questioning the validity of the classical twin approach in studies of phenotypic traits related to diabetes and glucose metabolism. We have recently reported heritability estimates based upon biometric modeling (17) (18) (19) . Heritability estimates were only calculated for data fulfilling the criteria for application of the model that is equal means and variances across twin pairs and/or zygosity. This approach does to some extent justify and validate the results but still leaves the question open of whether reports from twin studies can be generalized to the background population mainly comprising singletons.
In conclusion, our results point toward a clear, though complex, relationship between an adverse intrauterine environment evidenced by birth weight and twin and zygosity status on one side and glucose metabolism on the other side. The idea of a differential age-dependent fetal programming of distinct metabolic pathways in different organs may offer an explanation for the complexity of the overt diabetic state characterized by different degrees of abnormalities in the tissues involved in regulation of glucose metabolism. We have documented that programming of twins in utero involves an age-dependent differential programming of some of the major metabolic defects in type 2 diabetes, including hepatic glucose production, peripheral insulin resistance, and the intracellular partitioning of glucose fluxes. These findings may add significantly to our understanding of the mechanisms linking an adverse intrauterine environment to type 2 diabetes.
